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Abstract : Measurement of the displacclncnt  of a radio-emitting star around

the baryccntcr  of a possible planetary system  can bc carried out by astromctric  Very

]Jong }Iascline lntcrfcromctry  (VIJII) obscrvatio]]s. Wc have observed the raclio-

cmitting  star U2 Crl  1 at 8 epoc}ls  over 5 years by V].]]]  and fitted its 5 astromctric

parameters to the rncasurcd  coordinates. The post-fit coordinate residuals have an

rms scatter of 0.2 milliarcscconds  and S}]OW  no systematic bchaviour.  Wc usc this

result to set a limit on the prcscncc  of p]ancts around CJ
2 Crll and c.ollcludc  that

our ])rcsc]lt  VI,]  ]1 astromctric  ~)rccision  corresponds to the threshold to detect a

Jupiter-]ikc planet around this star. Wc discuss also tllc astromctric  lnonitoring

program of 11 radio-emitting stars that wc arc co]lducting  for the IIi])parcos  space

mission and its possib]c  contribution to a long-term planet search program.
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3 )  Introduction

Astromctric  monitoring of the minute displacement of a star around the baryc.cn-

tcr of the systcm that inc]udcs  possible planciary  companions has lmcn an iIidirect

method for detection of planets for several dccadcs  at optical wavclc~@h  (van dc

Kamp and l,ippincott  1951). The motion of a single planet in a circular orbit around

a star causes the star to undergo a reflexive circular moiion  around the star-planet

barycentcr.  When projected on the sky, the orbit of the star appears as an ellipse

with angular scmimajor axis O given by :

where O is in arcscc  when the scmimajor  axis a is in AIJ, the mass of the planet

(mP) and the mass of the star (M.) arc in solar masses and the distanced is in pc.

For example, observing the solar system from a distance of 10 PC, the prcscncc  of

Jupiter would bc rcvcalcd  as a periodic. circular displac.cmcnt  in the Sun’s position,

with an a]nplitudc  O of 0.5 milliarcsccond  (mas)  and a period of 11.9 years,

Optical astromctry  is generally li]nitcd  to a precision of a fcw tens of milliarc-

scconds  (mas)  but the best mcasurcmcnts  are at t}ic I ~nas ICVCI now (Gatcwood  ct

a] 1992). ‘J’cchnical  advances in very ] ,ong ]Iasclinc  ]nterfcrolnctry  (VI,131) with the

Mark 111 recording system (lLogcrs  ct al 1983) have ])rovidcd sufficient sensitivity

to detect reliably radio--emitting stars over the last  fcw years.  Wc have carried out

V],]]]  mca.surcmcnts  of the position of the radio star o 2 Cr}l sinc,c 1987 and demon-

strated  tl~at tllc ICVCI of precision is 0.2 mas during 5 years. q’l)is level of pre.cisioll

is ~lot  SNR-limited and could reach 20 microarcsccolld  if all systcmatics  could bc

rc~novcd by an improved strategy of observations or data analysis. Such a high

lCVCI  of astromctric  precision makes the VI,] 11 tcchniquc  a ncw tool for planetary

scarchcs.

2)  Radio-emit t ing  s tars

‘J’llcrc  arc about 400 stars that exhibit radio elnission  as co~npi]cd  by Wcnd-

kcr (1987), About half of these stars exhibit t}lcrmal free-free c~nission  from very

Iargc ionized circumstcllar  envelops that arc fully resolved by VI,]]] observations.

‘J’hc other stars exhibit non-thcrma]  radio crnission  (gyrosynchrotron,  sync}lrotron,
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co}lcrcnt  Cl”nission  IJIC!Ch WlkmS) Wifh typica]  source SiZ(?  of a fcw max or ]CSS  tha t

match the V].]]]  angular resolution. ‘J’hcsc  non-thermal radio-emitting stars belong

to a wide variety of physical classes, e.g. X-ray,  RS CVn, Algol, dMc, FK Coxn,

‘J’ ‘J’auri.  Many of IJICSC stars can lm dctcctcd  by the sensitive Very l,argc Array

(VI,A)  in New Mexico, but arc too weak to bc dctectcd  by VI,]]]. ‘J’heir radio flux

density is only a fcw tens mJy or ICSS, i.e. 100-1000 times weaker than  compact

extragalactic  radio sources usually observed by VI,]]]. Noncthclcss,  30 stars can bc

dctectcd  by phase-rcfercnccd V1,B1 observations and this number shou Id grow with

future improvements of t}lc technique.

Wc have selected 11 ra.dio-c]nitting  stars with non-thermal emission (7 RS CVn,

2 X-ray and 2 FK Corn) for a high-accuracy V],]]] astromctric  monitoril]g  program.

!l’hc initial motivzztion  of this program was to measure their radio positions and

~)ropcr motions to make the future ]lipparcos  optical reference frame coincidental

and at rest with respect to an cxtragalactic  quasi-inertial rcfcrcncc  systcln  (I,cstrade

et al 1992). ‘J’his is still our maill  motivation but the results and future dcvcloprncnts

of our on-going prograln  could contribute to the search for extra-solar planets. onc

of the selection criteria used to draw up the list of stars in our program was that they

bc of magnitude lower than 1 lth to ]natc}l  IIipparcos  capability. In tllc future, this

program could expand to monitor a larger  samp]c  of stars, cspccial]y  with the usc of

the new Very l,ong  I]a+scliIlc Array (VI, IJA), which is the antc]lna array dcdicatcd

to V],]]] and built by the National Raclio  Astronolny  observatory.

3) Phase rcfmxmccd VL131 tcclmique  for h igh-prec is ion  astrcn-nctry

of weak radio objects

VI,B1 is an astronolnical  technique using an array of antennas  (two or rnorc)  sep-

arated  by baselines of a fcw t}lousands  of kilometers which simultaneously observed

the same radio source  to record its continuum signal over a limited LaIldwidth,  typ-

ically a fcw tens of M117,, on video magnetic tapes. After the observations, the tapes

arc shipped and the rccordcd  signals of each pair of antennas  are cross-correlated

on a specialized processor. ‘J’hc observations arc usually carried out at ccntirnctcr

wavelengths (1 to 10 Cl]z) although rcccnt observations at millirnctcr  wavelength

have been successful. The coherence of the radio signals rccordcd  by a~ltcrlrlm  sep-

arated  by long distance, and not clectricly  conncctcd,  is possible by locking the
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hclmrodync  reference frequency of the rcccivcr  at each site to a frequency standard

such as an IIydrogcn  Maser that has a stability (N 10- 14 s/s) that allows coherent

cross-correlation over 10-15 minutes. Consequently, the observed radio source  must

have a flux density high enough to bc dctcctcd  over a similar integration time. ‘J’his

is the reason why V],])]  is lCSS sensitive than the VLA which is a connected intcrfcr-

omcter  and onc can integrate data for several hours if high sensitivity is required. Of

course, V],}]] has a much finer angular resolution than the VI,A rca.thing < 1 mas

on intercontinental baseline at centimeter wavelengths. At the V1,B1 processor, the

cross-correlation of the recorded signals leads to the measurement of the amplitude

and phase of the complex visibility illduccd  by the source brightness distribution

convolved with the beam of the antenna pair for the duration of each scan (a fcw

minute integration period).

As mentioned above, I-AC cohcrcncc  time in standard VI ,111 is severely limited

to less than = 15 minutes by non-] incar  instabilities in the indcpcndcnt  frequency

standards at the V].}]] stations. When a radio source is so weak that it cannot bc

dctcctcd  within this duration, one has to resort to the phase-rcfcrcncing VI,BI tcch-

~liquc which allows multip]c  scans to bc combined in a sing]c  cohcrcnt  integration

period. A rcfcrcmcc for the V],]]]  phase must bc established by observing an angu-

larly nearby strong cxtragalactic  source alternately with the weak ~wogram  source

wit]} a cycle tilnc of a fcw millutcs. Such a ~)llasc-rcfcrcrlcirlg tcchniquc  in V],]]]

allows incrcascd sensitivity through usc of much longer integration times (several

hours) with mini?nuln  cohcrcncc  loss. q’llis strategy also allows high-accuracy diffcr-

cntia]  astromctry  bccausc  the ~)rimc observable used is the VI,  III pllasc.  Sillcc the

V],]]]  intcrfcromct,cr  produces rnilliarcsccond  fringe spacings 011 the sky, the phase

of the complex visibility derived froln  cross-correlation can bc used to measure the

position of the radio source with an uncertainty corresponding to a small  fraction of

this fringe spacing. ‘1’hc phase-rcfcrcnc.ing V1,III tcchxliquc  as applied ill our V],]{]

~stromctric  prograln  is described in detail in l,cstradc  ct al (1990).

4) Results of a series of VLI]I obscrvatio~is  of tllc star 02 (;rll :

0 2 Crl] is a.n RS CVn C1OSC binary whose orbital motion has a period  of 1.1 day

and a semimajor axis of 0.3 mas. l’hasc-rcfcrenccd  V],]]]  observations of 02 Cr]]
were conducted at 8 epochs bctwccn  May 1987 and August 1992. obscrvatior)
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dates,  flux densities and orbital phases arc ill Table  1. At 5 G]lz, our program used

the VI,BI  array made of the following antenl]as: the l’hascd-Vl,A (NRAO, NM),

]lonn  (Ml’], Germany), Medicina  (Ilologna,  lta.ly),  Grccnbank  (NltAO, WVa), }laystack~

(MIT, Mass), OVRO  (Caltech,  CA) and, at 8.4 Gllz, the VI,BI  array was made of

Goldstone  (lISN, CA), IIat Creek (llcrkcley,  CA), VI, A(NRAO, NM), OV}tO(Caltcch,CA),

Haystack (MIT, Mass)  and newly commissionncd  VI,DA radiotclcscopes  (USA). The

total  data integration times WCI-C bctwccn  5 and 8 hours at each epoch. The VI,II]

data acquisition systcm was the Mark 111 systcm used in a mode to record a band-

width  of 28 Mllz (Rogers ct al. 1983). The corresponding detection threshold is

about 2 milliJansky  (1OO). All the cross-correlation of the recorded signals was

carried out at the Mark III I’roccssor  at IIaystack Observatory (M1’i’, Mass).

Obscr. Orbi ta l  phase 1{’rcqucmcy Flux dcllsity

l)atc (Cycle) (Gl]z) ( mJy )

87/05/26 04 UT 0.56 5.0 10

88/11/16 1’7 m’ 0.93 5.0 28

89/04/1 306 UT 0.25 5.0 7
90/11/16 23 UT 0.37’ 5.0 3.8

91/04/12 10 UT 0.86 8.4 19.5
92/01/15 13 UT 0.88 8.4 4.6
92/06/08 04 UT 0.89 5.0 13
92/08/03 05 UT 0.06 8.4 8.3

Table  1 : V],]]] obscrvatiolls  of 02 Cr}l at 8 cpocl]s.

‘1’hc 5 zustrornctric parameters of 02 Cr}l (2 coordinates, 2 proper Inotion  coln-

pollcnts and parallax) were estimated by a lcwit square fit with the 16 coordinates

measured at the 8 epochs. Figure 1 shows the rcsu]ts of the fit. The uncertainties of

the ]ncasurcd  VI,]]]  coordinates were set to 0.20 ~nilli-arcscc to make the rcduccd-xz

close to unity for the number of degree of frccdoln  11 in the fit. The rms of the

]jost-fit  coordinates residuals is 0.2 lnas.  Wit}] such an adjustment, the formal un-

certainties for the 5 fitted parameters arc 0.08 mas for the relative position bctwccn

02 Crll and the refcremcc source 1611-1 343, 0.04 lnas/year  for the proper rnotiol)
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Result of weighted fit for SIGCREI
RIG}II ASCENIION (J2000)  = 16h 14m 41 .067491s -1 /- 0.000005s (-I /-- 0,.00008”)
DECLINATION (J2000) = 33d 51’ 31 .87405” -i /- 0.00008”
P.M. RA (J?OOO) = -  0 .0?1  427 -f/- o.000003s/y  (  -0 .3?141  -1 / -  o.00004’’/y)
P.M. DEC (J2000)  =- - 0,08670 -1 / -  o.00004”/y
PARAL1  AXE = 0 .04404  +/- 0 .00008”
Epoch for RA and DEC = 90/ 1/ 1 CH1 u] (2447892 .50JD)

Correlo{ion between pororneters  :
Pororn.: F{--AS E)EC1 . F’MRA F’MDE PRLX
R- AS 1.00 0.04 -0.40 - 0.0? --0.18
E)FCL. 0.04 1.00 -0.04 -0 .39  -  0.?3
PMF<A -0 .40  -0 .04 1.00 y.;; :.;;
PMDE -0.02 – 0 . 3 9 0.02
F’F{LX - 0 . 1 8  - 0 . ? 3  0 . 1 7 0.”11 1:00
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l’igurc  1 : ILcsult  of the fit of t}lc 5 astromctric  parameters of 02 Crll adjusted

to the coordinates measured by Vl,l;l at 8 epochs.

The number of dcgrcc  of freedom (11) is high enough to lnakc  the statistical

significance of t}lc formal uncertainties reliable. Various tests IIavc hccn ~nadc for

the robustness of the solution. One  test  has bccm to make two astromct,ric  solutions,

onc with t}le first 4 cpoc}ls  and OI]C with the lasst 4 cpoc}]s of obse,rvatiolls.  Tllc  table

below indicates the parameter diffcrcnc.cs  bctwccll  the two solutions.
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l’aramctcr  l)ificrcnc.cs

a 0.22mas (1.20)

6 0.19 mas (10)

jLa 0.22 mm./y  (0.80)

p~ 0.24 mas/y (0.90)

n 0.12mas  (0.5a)

Also, the 5 asymmetric parameters of U2 Crll dctcrmincd  by VJ,l II (SCC inset of

Figure  I) all match, within unccrtaintics,  the best but lCSS precise optical dctcrmi-

nation by Rcqui?mw and M azuricr (1987) (for the position and proper motion) and

by Jcnskin (1952) (for the parallax).

5) lm]dications for the presence of p]ancts around the  radio star 02CrIl
‘J’hc lack of obvious si~lusoidal sig]]aturc in the post-fit coordinates residuals of

11’igurc I sets a li~nit on the prcscncc  of p]ancts  around U2 (-h] 1. TIIC rlrls of these

post-fit residuals (0.2 mas)  is an upper  limit on systematic departure from linear

motion for the star. Nq (I ) can bc used to cxcludc  a range of planetary  perturbations

by taking 20 = 0.2 mas, Mx = 2.26 MO and d z 22.7 pc for 02 C!r11. The log-log

rcprcscntation  of cq (1) with  these parameters is in Nigurc  2. ‘J’llc diagolla.1  IiJlc of

constant astromctric.  sig~lature fol]ows cq (1) and a]] points above this ]inc rcprcscnts

larger planetary pcrturbatiolls. Wc amu~nc  that a full orbital period of the p]anct

must bc sampled during tllc total span of observations to separate the sinusoidal

p]allctary  signature from the fitted linear proper motion. in these co)lditions,  the

maximum scmimajor axis a of a planet  corresponds to the total observation s])an

through the third Kcp]cr  law. ‘~’]lis ul)pcr  limit on a is 3.8 AU for our 5 years of

observations and is t}lc vertical dashed line in k’igurc 2. The shaded area indicates

the parameter space (a, ml, ) t}lat arc cxcludcd  by our observations for a possib]c

planet. Note that for a : 3.8 AU, the mass mx, is 0.0014 MO. Finally, on l~igurc  2,

wc have also shown where a Jupiter-]ikc planet would fall. interestingly, the present

accuracy of our Vl,lll measurement corresponds exactly to the detection threshold

for a Jupiter-like planet around o 2 Cr]]  when 12 years of data arc collcc.ted.
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Figure 2: l,og-l,og  representation of cc] (1) for the rms of the post-fit coordinate

residuals of 02 Crll. The s}ladcd area is the parameter space (scxnimajoraxis  a, mass

mP) that arc cxcludcd  by our observations for a planet around t}lis star.

‘J%is interpretation is optimistic since IIlack al]d Scarglc  (1982) noic that the

the fitted linear proper motion absorbs part of the p]anctary  perturbation. ‘1’hcsc

authors show that with observations sa)npling  a single orbital period, the alrlplitudc

of the planetary perturbation is underestimated by as much as. 4’7°X.  IIowevcr,  if

the classical model (position, proper motion and trigonometric parallaxc)  is corn-

plcmcntcd  by a sinusoidal function and the a priori values for the amplitude, ])criod
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and phase chosen to  cover a large volume of the parameter space, no absorption

of the planetary perturbation would  occur and the 3 additional parameters call be

fitted.

u Crll is a triple systcm consisting of a visual pair with a G 1 V star (U1 Crll) sep-

arated by 140 AU (1’=-1 000 years) from a spectroscopic binary (U
2 Crll = T%V/1r8V)

whose separation is 6 R. (1’=--  1.13 day). ‘1’hc two orbital planes arc co-planar (l]ar-

dcn 1985). ‘1’he radio crnission is identified with the spectroscopic binary classified

as an R.S CVn with two chromosphcric]y  active stars. ‘1’hc rnasscs  of these two stars,

F6V and F’8V, are 1.12 and 1.14 M@ (Ilardcn 1985), rcspectivcly,  and their sum,

2.26 M@, has been used ill the analysis above.

The location of tkc radio ccntroid  within the spcctrocopic  binary is a crucial

question. If the radio emission is associated with only one of the stars, then a total

displacement of 0.6 mas correlated with the orbital phasw of the system would bc

seen in our coord  inatcs residuals since the observations were taken at various or-

bital phase of the spectroscopic systcm  (SCC !J’able 1). A prccisc  cphcmcris  of orbital

phase has been established for U2 Crll by IIakos (1984). ‘1’hc post-fit residuals might

bc dominated by this orbital motion and wc arc investigating this possibility with

aditional observation to cover uniformly the whole orbit. ‘i’hc stability of this radio

ccntroid over time is an important question for a planetary search. ‘J’here is no de-

tailed model of the radio cnnitting  region that can bc used to derive this stability. lt

lnust  bc dctcrmincd  obscrvational]y  and the rrns of our post-fit coordinate residuals

(0.2 mas or 1 RO at o 2 Crll) can also bc intcrprctcd  as a xncasurc  of this stability.

Finally, allot}ler important theoretical question is to assess  lhc possibility of

the formation of a dynamically stable planetary systcrn  ill a triple stellar systcm

like u Crll.

0) l~inal remarks
We have demonstrated that phase-lefcrenc,ed

star 02 CrB can achieve an astromctric precision

VI ,111 observation of the radio

of 0.2 mas. lntercstingly,  this
precision corresponds to the level of perturbation around the linear proper motion

of tl)c star cxpcctcd  for a Jupiter-like planet. At present, there arc about 30 radio

stars that could bc monitored for a planetary search program by astrornctric  VI ,111

observations. But the scarcity of V].]]]  observing time has made such a program
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unpractical till now. liowcnwr, the X]CW Vl~llA should ]nake it ~Jossiblc in the near-

future. In addition, forsccn  technical improvements to enhance the sensitivity of

the recording systcm  by the end of the dccadc  should lengthen the list to about 60

candidate stars.

‘J*11c theoretical precision for an intcrferornetcr  is ua,~ = ;* ;$~l{  ~ (’J’hompson,

Moran, Swenson 1986) and for our observations, O.,s is 20 microarcscc.ollds  with B ::-

3000 km, A = 6 or 3.6 cm and SNR >15. IIcncc, t}~c astrornctric  precision achieved

for 02 CrIl is not SN}L-limited (Sign al-to-Noise-Ratio-limited). ‘1’here arc at least

three systematic error sources that prevent reaching this ultimate precision of the

observations: 1 ) the extrapolation of the rcfcrcnc.c source Vl,ll] phase in switched

observations to the time of the star observation, 2) the diff’ercntial  contribution of

the atmosphere and ionosphere along the two lines of sight to the rcfcrcncc  source

and target star and 3) the structures of the rcfcrcncc  source and, possibly, of the

star. ‘1’hc atmosphere and ionosphere propagation effects could bc ~nodcl]ed  by

ilnproved  calibration and the structure of the rcfcrcncc  source mapped with the

data themsclf.  IIut the mail) error source, for the lnolncnt,  is the extrapolation

of the rcfercncc  source V1,131  phase  over 2 to 3 minutes bccausc  of t]lc switc.hcd

c)bscrvations.  ‘1’his can bc eliminated entirely if the rcfcrcllcc  source  and the star

arc angularly CIOSC enough to be in the main bea~n of the antennas but t}]is is a

rare situation. A more general approach would bc to usc VI ,131 basclillcs  wit}l two

antcnllas  at each cnd for pointing  continuously at the rcfcrencc  source and the star.

‘H]c two alltc)llla.s  at cacll site should bc p}la+sc locked to tllc same frequency standard

(Ilydrogcn mamr). ‘J’hc antenna pointing at the relatively strong rcfcrcncc  source

could bc smaller. ‘J’his prospect is not presently considered for the V1,IIA.

‘J’able 2 sulnlnarises  the relevant information for the 11 rad imclnitting  stars of

our IIipparcos  astromctric  program in order to compute the total sky displacemcllt

2 x O from eq 1 expected for a Jupiter-]ikc planet around tllesc  stars. “J’hc values

calculated for 2 x 0 in this ‘J’able compare favorably to the ~Jotcmtial SNR-lirnited  as-

trolnctric  precision of phase-rcfercnccd VL]I1 observations on intcrcontinenta]  base-

]incs. ‘J’hc last 2 stars ill ‘J’able 2 (Ilubblc  4 and ]11)1{;283!572  of the g’aurus-Auriga

dark clouds) arc }’rc-Maill-ScqueIlce  stars that arc not part of our current program

but have been dctcctcd  on intercontinental V],}]] ba.mlinc.s  by l’hillips,  ],onsdalc

and Feigclson,  1991. These two stars were part of a survey at 1.3 millimeter and

were not dctcctcd  w}lilc others stars of the cloud were  detcctcd.  ‘J’hc detections



were  interpreted as cvidcnc.c for a dust- disck  around the stars, i.e. proto-pla.nctary

material (Ilcckwith  ct al 1990). Onc can spcculatc that JIubblc  4 and 111)1’; 283572

arc more evolved and, possibly, that their initial dust-disks have alrcad y collapsed

into p]ancts.

Star Class ])istance Masses lIot/cool S1). ‘J’YIJC  2 X ~Jupif.r

(pc) (M.o{) (ps)

1s161 303 X-ray 2000

Algol Algol 27 3.6/0.79 KOIV/118V 80

UXAR1 IUS CVII 50 >  0.63/ >0.71 G5v/Kolv <160

I1R1099 Rs (NI1 36 1.1/1.4 G51v/Kllv 100

111)1’;2834471’MS (W’J’’J’) 1 Go 1.74 K3 35

IIR511O Its CVI1 53 1 .5/0.8 l“2v/Golv 80

02 CrIl 1{.s Cvn 21 1.12/1.14 ](’~v/~ov 210

Cyg x 1 X-ray 2000

111)199178 1“1{ ~0)11 140-90 3.2 ? G5 111-IV > 25

Alt l,ac Its Cvll 47 > 1.3/ >1.3 cJ21v/l{olv 80

IM lkg Its Cvll 50 47 1<2111-11 25

llubblc  4 }’Ms (WrJIrJ<) 1 Cio 0.5- 2.0 K 7 > 3 0

111)1;283572 I’MS (W’J’’J’) 160 0.5 -2.0 (;5 > 3 0

!l’able 2 : I’hc  11 radio-clnittillg  stars of our V],]]] program and t]lc rc]cvallt

information to com~)utc  the total sky displacement 2 x O for a Jul)itcr-like ~Jlanct

around thcm.
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